Abstract. Damping of magnetic fields via ambipolar diffusion and decay of magnetohydrodynamical (MHD) turbulence in the post decoupling era heats the intergalactic medium (IGM). Collisional ionization weakly ionizes the IGM, producing an optical depth to scattering of the cosmic microwave background (CMB). The optical depth generated at z ≫ 10 does not affect the "reionization bump" of the CMB polarization power spectrum at low multipoles, but affects the temperature and polarization power spectra at high multipoles. Using the Planck 2013 temperature and lensing data together with the WMAP 9-year polarization data, we constrain the present-day field strength, B 0 , smoothed over the damping length at the decoupling epoch as a function of the spectral index, n B . We find the 95% upper bounds of B 0 < 0.56, 0.31, and 0.14 nG for n B = −2.9, −2.5, and −1.5, respectively. For these spectral indices, the optical depth is dominated by dissipation of the decaying MHD turbulence that occurs shortly after the decoupling epoch. Our limits are an order-ofmagnitude stronger than the previous limits ignoring the effects of the fields on ionization history. Inverse Compton scattering of CMB photons off electrons in the heated IGM distorts the thermal spectrum of CMB. Our limits on B 0 imply that the y-type distortion from dissipation of fields in the post decoupling era should be smaller than 3 × 10 −9 , 10 −9 , and 2 × 10 −10 for n B = −2.9, −2.5, and −1.5, respectively.
Introduction
Damping of magnetic fields affects the thermal and ionization history of the universe. The damping processes before the decoupling epoch can be approximately modeled by damping of three magnetic modes. Of these, damping of the fast magnetosonic waves proceeds in a similar way as the Silk damping of density perturbations, resulting in a damping scale on the order of the Silk scale. Slow magnetosonic and Alfvén waves can avoid damping up to smaller scales, resulting in a larger damping wave number. The value at the decoupling epoch is given by [1, 2] for the best-fit ΛCDM model [3] of the WMAP 9-year data only [4] . Here, θ is the angle between the wave vector and the field direction which will be set to zero in this paper.
Primordial magnetic fields present before the decoupling epoch can generate scalar, vector, and tensor modes of CMB temperature and polarization anisotropies. In general, there are two different types; namely, the compensated magnetic mode which is similar to an isocurvature mode, and the passive mode due to the presence of anisotropic stress of the magnetic field before neutrino decoupling. The latter is just like a curvature mode with its amplitude determined by the magnetic anisotropic stress and the time of generation of the primordial magnetic field. The CMB anisotropies induced by the magnetic modes with the field strength of order nG are much smaller than those caused by the adiabatic, primordial curvature mode [5] [6] [7] [8] [9] . Therefore, we shall ignore these contributions, and focus only on the effect of dissipation of fields in the post decoupling era.
After the decoupling epoch, magnetic fields are damped by ambipolar diffusion and decaying MHD turbulence [10] . This leads to a change in the ionization and thermal history, hence the visibility function of CMB anisotropies. We assume that the magnetic field is non helical, and the two-point function in Fourier space is given by
where the power spectrum, P B (k), is assumed to be a power law, P B (k) = A B k n B , with the amplitude, A B , and the spectral index, n B . This can be expressed in terms of the present-day magnetic energy density by
where k c is a Gaussian smoothing scale which is set to the maximal damping scale at the decoupling epoch, k d,dec , given by equation (1.1). In ref. [3] , we have calculated the thermal and ionization history of the IGM including dissipation of fields. Ionization gives an optical depth to Thomson scattering of the CMB. By writing the total optical depth as τ tot = τ reio + ∆τ , where τ reio is the contribution from reionization of the universe at z 10, and ∆τ is the additional contribution from dissipation of fields, we find [3] 4) for n B < 0. Here, B 0 is in units of nG. As the contribution to the optical depth from dissipation of fields comes from high redshifts, z ≫ 10, it does not affect the CMB polarization power spectrum at low multipoles ("reionization bump"). The reionization bump fixes a value of τ reio . On the other hand, the temperature power spectrum at high multipoles is uniformly suppressed by the total optical depth as C T T ℓ → C T T ℓ e −2τtot ; thus, a mismatch between the optical depth appearing in the temperature power spectrum and that in the low-multipole polarization power spectrum can be used to measure the effect of dissipation of fields. In this paper, we shall use the Planck 2013 temperature data [11, 12] (including the lensing data [13] ) and the WMAP 9-year polarization data [4, 14] to constrain B 0 for some representative values of n B . In particular, the lensing data play an important role in isolating the optical depth in the temperature data.
The rest of the paper is organized as follows. In section 2, we calculate the CMB temperature and polarization power spectra with a modified thermal and reionization history due to the dissipation of the magnetic field in the post decoupling era. In section 3, we obtain constraints on the magnetic field strength for some representative values of n B . We conclude in section 4.
CMB anisotropies with dissipation of magnetic fields in the post-decoupling era
Dissipation of magnetic fields in the post decoupling era takes place by two processes; namely, ambipolar diffusion and decaying MHD turbulence [10] . These processes affect the evolution of the electron temperature, T e , aṡ
where the dissipation rate, Γ = Γ in + Γ decay , includes the contribution from ambipolar diffusion, Γ in , and decaying MHD turbulence, Γ decay . The other variables are: a the scale factor, T γ the photon temperature, σ T the Thomson scattering cross section, x e the ionization fraction, n e the electron number density, ρ γ the photon energy density, m e the electron rest mass, c the speed of light, and k B the Boltzmann constant. Ambipolar diffusion is due to different velocities of the neutral and the ionized matter components in the presence of a magnetic field. As this velocity difference is caused by the action of the Lorentz force on the ionized component, the dissipation rate of ambipolar diffusion is determined by the Lorentz term as [10] 
2) where ρ n , ρ i , and ρ b are the energy densities of neutral hydrogen, ionized hydrogen, and the total baryons, respectively, and γ is the coupling between the ionized and neutral component given by γ ≃ σv H + ,H /(2m H ) with σv H + ,H = 0.649 T 0.375 × 10 −9 cm 3 s −1 [15] . Equation (2.2) is evaluated for the average Lorentz force using the two point function of the magnetic field (cf., eq. (1.2)). The final expression depends on the magnetic field strength as well as on its spectral index, and can be found in [3] . Dissipation of the magnetic field due to decaying MHD turbulence rests on the fact that turbulence is no longer suppressed in the plasma after the decoupling epoch. On scales below the magnetic Jeans scale, the magnetic energy on large scales is transferred to small scales and dissipates. The dissipation rate of this highly non linear process is estimated by numerical simulations of MHD turbulence in flat space using the fact that there exists an appropriate rescaling of variables in flat space to match those in an expanding, flat Friedmann-RobertsonWalker background. In the matter-dominated era, the estimated dissipation rate of a nonhelical magnetic field is given by [10] 
where B 0 is the present-day field value assuming a flux freezing; m is related to the magnetic spectral index as m = 2(n B +3) n B +5 ; t d is the physical decay time scale for turbulence given
n B +5 Mpc −1 [10] ; and z i < z dec and t i > t dec are the redshift and time at which dissipation of the magnetic field due to decaying MHD turbulence becomes important.
Ref. [10] calculated the evolution of the matter temperature, T e , and the ionization fraction, x e , with the effect of damping of magnetic fields in the post decoupling era. In ref. [3] , we revisited these calculations using a modified version of Recfast++ [16] [17] [18] [19] [20] [21] [22] . We found that ambipolar diffusion contributes at z 100, and the effect decreases as n B decreases. The amplitude is proportional to B 4 0 . On the other hand, the effect of decaying MHD turbulence increases as n B decreases, is proportional to B 2 0 , and dominates over ambipolar diffusion up to intermediate redshifts.
In figure 1 we show the evolution of T e , x e , the visibility function of CMB (g), and the optical depth to scattering of CMB (τ ), as a function of redshifts. The calculation includes an instantaneous reionization of the universe at late times. Dissipation of the decaying turbulence heats the IGM since shortly after the decoupling epoch, weakly ionizing the IGM via collisional ionization. At low redshifts, z 20, the temperature of the reionized universe falls as z decreases because ambipolar diffusion cannot act on ionized plasma. However, the evolution of T e at z 20 with the late-time reionization is not physically correct because our calculation does not include photo heating, which would heat the IGM up to 10 4 K at z 10. Since our main conclusions are not based on the temperature but on the ionization fraction, the error in the temperature evolution at z 20 has no consequences. Decay of MHD turbulence increases the total optical depth to scattering of CMB shortly after the decoupling epoch, and this changes the power spectra of the temperature and polarization anisotropies, as discussed below.
We use the CLASS code [24] [25] [26] [27] to calculate the power spectra, and show the effects of dissipation of fields in figure 2 for a magnetic field with B 0 = 0.5 nG and spectral indices of n B = −2.9, −2.5, and −1.5. It is well known that the optical depth to scattering of CMB suppresses the temperature and polarization power spectra by e −2τtot at multipoles higher than that corresponding to the horizon size at the epoch of the scattering. In addition to the suppression due to the standard late-time reionization, the optical depth due to dissipation of fields, ∆τ , creates an additional suppression of the power spectra by e −2∆τ (see figure 2) . Also, as the peak of the visibility function of CMB shifts slightly toward a lower redshift than the standard decoupling redshift, the angular diameter distance to the decoupling epoch is slightly reduced, shifting the locations of the acoustic peaks of the temperature and polarization power spectra to lower multipoles. This effect is more pronounced for polarization, and is clearly visible in the top right panel of figure 2 .
Not only does an additional optical depth suppress the power spectra at multipoles higher than that corresponding to the horizon size at the epoch of the scattering, but also creates an additional polarization at multipoles corresponding to the horizon size at the epoch of the scattering. The amplitudes of the first and second peaks in the E-mode polarization power spectrum at ℓ ≈ 100 and 400 are enhanced due to regeneration of polarization by additional scattering of CMB between the decoupling and the reionization epochs. This can be seen in the top right panel of figure 2. While the polarization power spectrum at higher multipoles is significantly influenced by the change in the optical depth, that at lower multipoles is not. The "reionization bump" in the polarization power spectrum at ℓ 10 is not affected by dissipation of the fields, as ionization at z 20 is totally dominated by that of the late-time reionization. Similar features are observed in the temperature-polarization cross power spectrum (cf. lower panel of figure 2 ). This phenomenology is similar to the effect of heating due to annihilation of dark matter particles [23, [28] [29] [30] .
The top left panel of figure 2 shows that the low-ℓ temperature power spectrum increases for n B = −1.5. We find that this is due to an enhanced Doppler term (in Newtonian gauge). We have checked that the power spectrum at ℓ 100 without the Doppler term is affected very little by the dissipation of fields.
Parameter estimation
To estimate the magnetic field parameters along with the cosmological parameters, we use Markov chains Monte Carlo as implemented in montepython [31] . Specifically, we fix the magnetic spectral index, n B , and vary the field strength, B 0 , along with the six standard ΛCDM parameters, i.e., the Hubble constant, H 0 = 100 h km/s/Mpc; the physical baryon density, ω b ≡ Ω b h 2 ; the physical cold dark matter density, ω cdm ≡ Ω cdm h 2 ; the amplitude of the scalar power spectrum at k = 0.05 Mpc −1 , A s ; the tilt of the power spectrum, n s ; and the optical depth from the late-time reionization, τ reio .
We use the Planck 2013 temperature data [11, 12] (including the lensing data [13] ) and the WMAP 9-year polarization data [4, 14] . The lensing data are essential for breaking degeneracy between A s and B 0 . This degeneracy arises because the optical depth constraint from the temperature data is degenerate with A s . (The temperature data effectively measure 
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Figure 2: Temperature and polarization power spectra of CMB, with and without dissipation of magnetic fields, assuming standard late-time reionization of the universe with τ reio = 0.0925. The magnetic field parameters are B 0 = 0.5 nG for three different values of its spectral index n B . The additional optical depth to scattering of CMB due to dissipation of the fields suppresses the power spectra at high multipoles, while regenerating the polarization power spectra in 100 ℓ 400. Also, the shift of the visibility function to lower redshifts shifts the locations of the acoustic peaks of the power spectra to lower multipoles. The cosmological parameters are the best fit values of Planck 2013 data plus the low-ℓ polarization data of WMAP 9 [23] . We also show the Planck 2013 temperature data [11] .
A s e −2τtot .) In our study, the key parameter to measure is ∆τ , i.e., a mismatch between the optical depths from polarization (which comes from the late-time reionization) and temperature (which measures the total optical depth all the way to the decoupling epoch). We cannot measure this quantity unless we use the lensing data to fix A s . We summarize the constraints on B 0 and the cosmological parameters in table 1, and show the marginalized posterior distributions of B 0 in figure 3 . We chose n B = −2.9, −2.5, and −1.5 as representative cases. We find no evidence for dissipation of the magnetic fields in the data. The 95% CL upper bounds on the field strength are B 0 < 0.56, 0.31, and 0.14 nG for n B = −2.9, −2.5, and −1.5, respectively. 1 These limits are significantly stronger than those from the magnetic scalar-and vectormode contributions to the angular power spectra of the CMB. For example, the Planck collaboration used the Planck 2013 temperature data, the WMAP 9-year polarization data, and the high-ℓ temperature data of ACT and SPT to find B 1Mpc < 3.4 nG (95% CL) for a smoothing scale of 1 Mpc from the magnetic scalar and vector modes, while ignoring the effects on the ionization history of the universe. Our limits on B 0 become stronger if we scale them to a Mpc scale, as changing the smoothing scale, λ s , to a different smoothing scale, λ * , leads to a rescaling of the magnetic field amplitude by a factor of (λ s /λ * ) n B +3 2 . The only limit in the literature that is stronger than ours is B 0 < 0.01 nG for a smoothing scale of 0.1 kpc [32] , which was derived from the change in the ionization history before the decoupling epoch, due to the effect of clumping in the baryon density perturbations induced by a primordial magnetic field. Rescaling our limits to 0.1 kpc makes their limit much stronger than ours.
In figure 4 the two-dimensional marginalized posterior probability density distributions (B 0 versus the cosmological parameters) are shown, for n B = −2.9, n B = −2.5, and n B = −1.5. Most of the cosmological parameters are determined independently of B 0 ; however, the scalar spectral tilt, n s , is weakly correlated with B 0 because B 0 suppresses the power spectrum at high multipoles by e −2∆τ , which can be partly compensated by increasing n s .
Conclusions
Dissipation of the magnetic fields in the post-decoupling era heats and weakly ionizes the IGM. This effect can be detected as the extra optical depth to scattering of CMB photons. A qualitatively new effect is that there would be a mismatch between the optical depth n B = −2.9 inferred from the low-ℓ polarization data (ℓ 10) and that from the high-ℓ temperature and polarization data, as the former is sensitive only to the late time ionization due to, e.g., formation of first stars.
Using the 2013 Planck data including the CMB lensing data, together with the low-ℓ polarization data from WMAP, we find no evidence for the effect of dissipation of (nonhelical) magnetic fields in the CMB data. The 95% CL upper bounds are B 0 < 0.56, 0.31, and 0.14 nG for n B = −2.9, −2.5, and −1.5, respectively. These limits are stronger by an order of magnitude than the previous limits that did not use the effect of fields on ionization history of the universe.
Inverse Compton scattering of CMB photons by hot electrons in the IGM heated by dissipating magnetic fields in the post decoupling era leads to a y-type spectral distortion [33] . For negative magnetic spectral indices, the Compton y parameter is well approximated by [3] For the upper limits on the magnetic field amplitudes derived in this paper, the resulting y-type distortions are y < 3 × 10 −9 , 10 −9 , and 2 × 10 −10 for for n B = −2.9, −2.5, and −1.5, respectively. These limits are well below the contribution from the thermal SunyaevZel'dovich effect in galaxy clusters and groups, y ≈ 10 −6 [34] , and thus are negligible. We expect that this new method would yield much improved limits, once the full Planck data sets including high-ℓ polarization are used, as they provide significantly better measurement of the CMB lensing (which fixes A s thus breaking degeneracy between A s and e −2∆τ ), and potentially measure the extra polarization at 100 ℓ 400 generated by dissipation of decaying MHD turbulence.
